Polycystic kidney disease (ADPKD) results from failure of the kidney to properly maintain three-dimensional structure after loss of either polycystin-1 or -2. Mice with kidney selective inactivation of Pkd1 during embryogenesis develop profound renal cystic disease and die from renal failure within 3 weeks of birth. In this model, cysts form exclusively from cells in which Cre recombinase is active, but the apparent pace of cyst expansion varies by segment and cell type. Intercalated cells do not participate in cyst expansion despite the presence of cilia up to at least postnatal day 21. Cystic segments show a persistent increase in proliferation as determined by bromodeoxyuridine (BrdU) incorporation; however, the absolute proliferative index is dependent on the underlying proliferative potential of kidney tubule cells. Components of the extracellular regulated kinase (MAPK/ERK) pathway from Ras through MEK1/2 and ERK1/2 to the effector P90 RSK are activated in both perinatal Pkd1 and adult Pkd2 ortholgous gene disease models. The pattern of MAPK/ERK activation is focal and does not correlate with the pattern of active proliferation identified by BrdU uptake. The possibility of a causal relationship between ERK1/2 activation and cyst cell proliferation was assessed in vivo in the acute perinatal Pkd1 model of ADPKD using MEK1/2 inhibitor U0126. U0126 treatment had no effect on progression of cyst formation in this model at doses sufficient to reduce phospho-ERK1/2 in cystic kidneys. Cysts in ADPKD exhibit both increased proliferation and activation of MAPK/ERK, but cyst growth is not prevented by inhibition of ERK1/2 activation.
INTRODUCTION
Polycystic kidney disease is manifest by cystic deformation of kidney tubules over a prolonged period, up to decades, of life. As such, autosomal dominant polycystic kidney disease (ADPKD) represents a failure to properly maintain threedimensional organ structure and affords an excellent model for discovering the cellular and molecular mechanisms that underlie this poorly understood process. Two causative genes, PKD1 and PKD2, and their respective protein products, polycystin-1 (PC1) and polycystin-2 (PC2) account for all known forms of ADPKD. PC1 and PC2 form a transmembrane receptor -channel complex in the apical primary cilia of renal tubular cells. These single, non-motile cilia are thought to function as cellular sensory organelles for lumen-forming epithelia including kidney tubules, bile ducts and pancreatic ducts. Their functions are believed to include determination of tubule luminal diameter and regulation of proliferation, apoptosis, polarization and differentiation of epithelial cells comprising these structures.
PC1 is a 4302 amino acid polytopic membrane protein with eleven transmembrane segments (1), a 3000 amino acid extracellular domain and a cytoplasmic tail that mediates interaction with PC2 (2) . PC1 undergoes autoproteolytic cleavage at a GPS site located just before the first transmembrane segment but the N-terminal and C-terminal fragments remain non-covalently associated (3) . PC1 has been proposed to function as a part of a sensory complex involved in sensing flow induced shear stress (4) , although the recent identification that a homolog of PC1 is involved in sour taste and pH sensation (5) leaves open the possibility that PC1 itself may have chemosensory function as well. The list of downstream pathways that PC1 has been hypothesized to function in is extensive and includes the Wnt, mTOR, MAPK/ERK, and AP-1 cascades, as well as a number of second messenger systems including cAMP, Ca 2þ , G-proteins and G-protein coupled receptors (6, 7) .
One challenge in understanding the relative importance of the multitude of candidate pathways that maintain organ structure is the identification of the appropriate surrogate systems in which the relevant pathways are active and identifiable. Cystic kidneys in mice, with mutations in genes orthologous to human disease genes, are a valuable system in this regard. In the case of Pkd1, the mouse orthologue of PKD1, complete knockout of the gene results in a complex embryonic lethal phenotype that manifests with simultaneous defects in formation of the kidney, pancreas, axial skeleton, capillary blood vessels and, varyingly, the heart (8 -11). The sporadic mice that survive embryogenesis die shortly after birth with syndromic lesions that include pulmonary hypoplasia (8) . As a consequence, studies of postnatal phenotypes and of discrete organ or cell-specific phenotypes are not practical in Pkd1 2/2 animals. Conditional gene targeting strategies (12, 13) and hypomorphic alleles (14, 15) are helpful means to address the limitations of knockout models that are embryonically lethal. In the current study, we produced a conditionally targeted Pkd1 allele and combined this with a kidney-selective Ksp-Cre recombinase transgenic line to generate a postnatal model of ADPKD due to homozygous inactivation of Pkd1 in distal segments of all nephrons in the kidney. The mice developed profound renal cystic disease with associated renal failure leading to death by 17 days after birth. Cysts formed exclusively from cells and segments where the Cre recombinase was active, but the apparent pace of cyst expansion varied by segment and cell type. Cystic segments showed a persistent increase in proliferation but did not show significant increase in apoptosis. The MAPK/ERK pathway has been implicated in the proliferative response of cyst lining cells. We found activation of the MAPK/ERK pathway from Ras to the downstream effector p90 RSK in both Pkd1 and Pkd2 ortholgous models. However, this activation was focal and did not correlate with the pattern of active cellular proliferation as identified by bromodeoxyuridine (BrdU) uptake. The MEK1/2 inhibitor U0126, given at doses that reduced phospho-ERK1/2 in Pkd1 cystic kidneys to baseline levels in vivo, had no effect on progression of cyst formation. Developing cysts in ADPKD exhibit both increased proliferation and activation of ERK1/2, but the proliferation does not seem to be dependent on ERK1/2 activation and inhibition of MEK1/2 activity does not prevent disease progression.
RESULTS

Generation of a conditional Pkd1 allele
We produced a Pkd1 flox(neo) mouse line in which exons 2 -4 of Pkd1 were flanked by loxP sites and a FRT-neo-FRT selection cassette was inserted into intron 4 (Supplementary Material, Fig. S1A and B) . Germline transmission of the Pkd1 flox(neo) allele was documented by Southern hybridization (Fig. 1A) . Pkd1 flox(neo)/flox(neo) homozygous mice were not viable with an embryonic lethal phenotype indistinguishable from Pkd1 2/2 (data not shown) (11) . It is likely that the presence of the 2.7 kb loxP-FRT-neo-FRT cassette in the 260 bp intron 4 disrupted normal splicing of the gene and resulted in an effective null allele. We deleted the neo cassette by intercrossing Pkd1 flox(neo)/þ mice with an FLPe transgenic deleter strain (16) to produce the Pkd1 flox allele (Supplementary Material, Fig. S1C ). Deletion of the neo cassette was confirmed by PCR using primers flanking the neo insertion site (data not shown) as well as by Southern hybridization showing the appearance of a 2.9 kb NheI fragment in all tissues of Pkd1 flox/flox mice (Fig. 1B) . Pkd1 flox/flox mice lacking the neo cassette were viable with no discernible phenotypes in any tissue including the kidney, liver and pancreas suggesting that the Pkd1 flox allele produces adequate levels of functional PC1.
Pkd1 flox/þ mice were intercrossed with the ACTB-Cre deleter strain to produce Pkd1 del2 -4 allele. Deletion of exons 2-4 was documented by genomic PCR (data not shown). Pkd1 del2 -4/del2 -4 homozygous mice were embryonic lethal in a pattern indistinguishable from Pkd1 2/2 , suggesting that the Pkd1 flox allele behaves as a null allele after Cre-mediated deletion.
Kidney specific inactivation of Pkd1
We used Ksp-Cre to produce kidney-restricted inactivation of Pkd1. Ksp-Cre mediates recombination in distal segments of the nephron after E11.5 (17, 18) . Cre mediated deletion of exons 2 -4 results in a novel 1.9 kb NheI fragment in genomic DNA (Supplementary Material, Fig. S1D ). The deletion was only observed in kidney tissue (Fig. 1B) :Ksp-Cre mice are live-born in normal Mendelian ratios but develop significant kidney enlargement (Fig. 1C) and die between P14 and P17. Histological examination of the kidneys from P1, P7 and P14 mice showed rapid progression of polycystic kidney disease (Fig. 1D -F) . In keeping with the pattern of Ksp-Cre transgene expression, glomeruli and proximal tubules did not become cystic throughout the 14-17 day lifespan of the mice (Fig. 1G-I ). Significantly increased kidney weight to body weight ratio was apparent at postnatal day 4 and increased rapidly thereafter (Fig. 1J) . There was rapid rise in blood urea nitrogen (BUN) (Fig. 1J) 
1506
Human Molecular Genetics, 2008, Vol. 17, No. 11 in association with the cystic enlargement of the kidneys. At 2 weeks of age, cystic mice also showed significant hyperphosphatemia, elevated cholesterol and reduced serum glucose (Supplementary Material, Table S1 ).
Cyst formation results from Cre-mediated inactivation of the Pkd1 flox allele Pkd1 flox/2 :Ksp-Cre:R26R mice expressing the ROSA26R (R26R) reporter gene showed that all cysts express lacZ, indicative of Cre activity, whereas non-cystic segments do not (Fig. 2) . Most lacZ (i.e., Cre) positive cortical and corticalmedullary junction nephron segments appeared to be abnormally dilated by P3 ( Fig. 2A) . Collecting tubules of the deep inner medulla/renal papilla (IMCD3) showed prominent Cre activity and appeared mildly ectatic but not cystic at P3 (Fig. 2B) . At P7, lacZ positive cortical segments were frankly cystic ( Fig. 2C and D) , while deep inner medullary segments remained primarily ectatic (Fig. 2E) . By P14, the entire kidney was markedly deformed by cyst formation (Fig. 2F) . At this stage, lacZ positive segments were all cystic, while lacZ negative cells uniformly comprised noncystic tubules within an atrophic interstitium ( Fig. 2G and  H) . Non-cystic IMCD3 segments were no longer observed. A minority of cysts had individual cells or pairs of cells that were lacZ negative ( Fig. 2C and D) . In aggregate, these data show that targeted homozygous inactivation of Pkd1 in kidney tubular segments results in cyst formation and segments in which Pkd1 is not inactivated maintain normal tubular architecture. There is also a suggestion that cortical and cotico-medullay distal nephron segments undergo cystic dilation more readily during kidney growth than inner medullary segments despite comparable degree and time of Pkd1 inactivation.
Cell types comprising cyst linings
The majority of cysts, particularly the largest cysts, stained positive with the collecting duct marker lectin Dolichos biflorus (DBA, Fig. 3A and B). Cyst linings also stained positive with the medullary and cortical thick ascending limb marker Tamm-Horsfall protein (Fig. 3C ) but these cysts tended to be smaller and less common. A minority of smaller cysts was derived from the distal convoluted tubule as suggested by positive staining with parvalbumin ( Fig. 3B ). Proximal tubules marked with lectin Lotus tetragonolobus (L. tetragonolobus) appeared normal and did not form cysts (Fig. 3A) . Consistent with the reporter gene studies above, the congruence of the segment-specific pattern of cyst formation with the pattern of Ksp-Cre expression (17) shows that cyst formation in this model is defined by the location of Ksp-Cre expression. Principal cells were the predominant cell type comprising DBA-positive collecting duct cysts. Intercalated cells, either type A cells marked by apical E-subunit of vacuolar H þ -ATPase (19) or type B cells marked by pendrin (20) , were rare in cysts ( :Ksp-Cre model. In support of this conclusion, 22.5% of DBApositive cells in 14 day old control kidneys were positive for H þ -ATPase when at least 1000 DBA positive cells were counted in each of three independent sections. In cystic kidneys, only 6.3% of DBA positive cells were labeled with the intercalated cell marker when a similar number of cells were counted (P ¼ 0.023). We used the RA/EG EGFP Cre reporter strain (21) to determine whether the absence of intercalated cell contribution to cyst formation could be explained by the pattern of Ksp-Cre activity. Ksp-Cre is active in anion exchanger 1 (AE1)-positive type A intercalated cells, but not in pendrin-positive type B cells (Supplementary Material, Fig. S2 ). Therefore, at least the lack of contribution of type A cells to cysts, is not attributable to lack of Cre activity. Intercalated cells have been reported to lack cilia (22) , an organelle central to the pathogenesis of tubule cyst formation. However, when we labeled the cilial axoneme with antiacetylated-a-tubulin, we found that both types A and B intercalated cells in cystic and non-cystic tubules had cilia as late as P21 (Fig. 3E-H) , excluding the possibility that lack of cilia accounted for the lack of contribution of intercalated cells to cyst linings. It has also been reported that IMCD3 straight segments in the deep inner medulla in rat do not have cilia (23) , perhaps accounting for the apparent temporal lag in cyst formation compared with other segments in our model. However, anti-acetylated-a-tubulin immunostaining in aquaporin-2 positive adult mouse kidney tubule segments showing an intercalated cell from a cortical cyst with apical microplicae or microvilli strongly suggesting that this is a type A intercalated cell. (L) TEM of the predominant intercalated cell type seen in cortical cysts. The low density of the cytoplasm, the low number of mitochondria, and the degree of development of the tubulovesicular network suggest that this intercalated cell is relatively immature; lack of apical microplicae or microvilli strongly suggest it is a non-type A intercalated cell. in the inner medulla showed the presence of apical cilia in IMCD3 segments as well (Fig. 3I) . Scanning electron micrographs confirmed that principal cells accounted for approximately 85-95% of the cells in cortical cysts. They had a more pronounced squamoid phenotype than observed in the cortical collecting ducts of similarly aged wild-type mouse kidney, but had normal appearing lateral junctions, mitochondria, and basement membranes (Fig. 3J ). Abutting cysts often had walls comprised of single cell layers, each with its own tubular basement membrane (Fig. 3J) . Occasional type A intercalated cells had a typical appearance with surface microplicae or microvilli (Fig. 3K) . Non-type A intercalated cells were identifiable by their lack of apical microplicae and morphology distinct from surrounding principal cells (Fig. 3L and M) . Type A and non-type A intercalated cells in cysts had identifiable primary cilia seen with scanning electron microscopy up to 14 days of age ( Fig. 3K and M) .
Cellular proliferation and apoptosis in cystic kidneys
Increased proliferation and apoptosis have been proposed as features of cystic tissues in ADPKD. We examined these processes in Pkd1 cystic kidneys by BrdU incorporation and TUNEL, respectively (Fig. 4) . The large DBA positive cell mass in Pkd1 flox/2 :Ksp-Cre cystic kidneys provides indirect evidence of increased cellular proliferation in this model. To assess this more quantitatively, at least 1000 nuclei of DBA positive cells were scored for BrdU incorporation 3 h after injection in two independent sections from each of three experimental and three control animals at three time points (Fig. 4) . At P7, 15% of DBA-positive cyst lining cells showed nuclear BrdU incorporation compared with 8% BrdU positive nuclei in DBA positive segments of non-cystic controls. Cystic cell and control proliferation decrease to 8 and 5%, respectively, by P12 (Fig. 4) . At P24, using a Pkhd1-Cre that allows longer survival of cystic mice (P.I. and S.S., unpublished data), BrdU incorporation in cystic kidneys occurs in 4% of cyst lining cells but is completely absent in control kidneys (Fig. 4) . Loss of PC1 expression results in an incremental increase in cell proliferation irrespective of the underlying proliferative state of cells. However, the absolute proliferative index is dependent on the underlying proliferative potential of kidney tubule cells.
Increased apoptosis was not a striking feature in Pkd1 flox/2 :Ksp-Cre cystic kidneys. TUNEL in P7 and P12 kidneys showed occasional cysts with 2 -4 TUNEL positive nuclei but the overall number of apoptotic nuclei seen in low power fields in cystic and non-cystic kidneys was very low and did not differ significantly between cystic and noncystic kidneys (data not shown).
Activation of the mitogen activated protein kinase/ extracellular regulated kinase (MAPK/ERK) pathway
Postnatal mouse models of ADPKD based on mutation of orthologous genes are well suited for investigating the in vivo role of cellular pathways in the pathogenesis of ADPKD. Activation of the MAPK/ERK pathway has been reported in non-orthologous animal models of polycystic kidney disease including the Han:SPRD rat (24) and the pcy mouse that is a model for nephronophthisis (NPHP3) (25) . MAPK/ERK activation has also been described as an effector pathway in cAMP stimulated proliferation in human ADPKD cells in culture (26) . We sought to define the role of the MAPK/ERK pathway in orthologous mouse models as a means of understanding the in vivo role of this pathway in ADPKD.
Cystic kidneys from Pkd1 flox/2
:Ksp-Cre mice at P7 showed significant increases in GTP-bound Ras and phosphorylated Raf-1, MEK1/2 and ERK1/2 when compared with kidney tissue from non-cystic litter mate mice (Fig. 5A and B) . The amount of protein in each experiment was quantitated to insure equal amounts were used and there was no discernible change in expression of total ERK1/2, MEK1/2, Raf-1 or Ras between cystic and control tissues. Since these findings occurred in P7 postnatal kidneys that were still undergoing development, we determined whether similar activation of the MAPK/ERK pathway also occurs in 3-month old Pkd2 WS25/2 mice (33). This adult orthologous model based on Pkd2 showed the same pattern of activation of the respective components of MAPK/ERK pathway as the P7 Pkd1-based 
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Human (Fig. 5C and D) . No increase in activation of B-Raf was observed in either Pkd1 or Pkd2 cystic kidneys (Fig. 5A -D) . Among downstream targets of the MAPK/ERK pathways, p90 RSK ( Fig. 6A -D) , but not Elk (data not shown), was activated in both Pkd1 and Pkd2 orthologous models. The finding that MAPK/ERK pathway activation is a common feature in vivo of both Pkd1 and Pkd2 orthologous models irrespective of age supports the hypothesis that this process is likely representative of human ADPKD as well.
The MAPK/ERK pathway is known to play a role in cellular proliferation. In light of the increased proliferation observed in cyst lining cells and the activation of the MAPK/ERK pathway in cystic kidneys, we sought to determine whether the cyst cells themselves were the sites of MAPK/ERK activation in kidney tissue. Immunostaining of kidney tissues with anti-phospho-ERK (pERK) antibodies showed that pERK is confined exclusively to cyst lining cells in both Pkd1 and Pkd2 orthologous ADPKD models (Fig. 5E-J) . No comparable areas of increased pERK were observed in 3-month old wild-type mouse kidneys (Supplementary Material, Fig. S3 ). This finding in the cystic models is notable for the fact that only 20% of cyst profiles show ERK activation, but that within this subset of cysts there is extensive contiguous cellular ERK activation (Fig. 5E -J) . Up-regulated pERK immunoreactivity was seen both in the nuclei and the cytosol of cyst lining cells (Fig. 5E-J) . This pattern of pERK activation in cysts did not correlate with the pattern of proliferation observed with BrdU incorporation in Pkd1 flox/2 :Ksp-Cre mice (Fig. 4) , where most cysts had a few scattered BrdU positive nuclei along the linings. This discordant pattern suggests that ERK1/2 activation may not be the basis for the increase in proliferation in cyst linings in vivo, and that regional factors in the kidney play a role in MAPK/ERK pathway activation.
Cell lines derived from mature kidney tubules that recapitulate the homozygous loss of function of orthologous ADPKD genes are expected to serve as cell culture models for ADPKD. To test this hypothesis and to further establish the genotype dependence of MAPK/ERK pathway activation, we examined kidney tubule cell lines made from our Pkd1 and Pkd2 mouse models (27) . Two independent cell lines each for Pkd1 2/2 and Pkd2
2/2 cells demonstrate significantly increased basal pERK after 12 -16 h of serum starvation when compared with each of two independent Pkd1 þ/2 and Pkd2 þ/2 control cell lines (Fig. 5K and L) . This activation is coincident with increases in GTP bound Ras and activation of P90 RSK that are similar to those seen in the tissue, suggesting that these cellular models recapitulate the in vivo signaling (Fig. 5K and L) . Taken together, these data suggest that MAPK/ERK pathway activation is a common feature of ADPKD due to mutations in Pkd1 or Pkd2 but may not be the underlying basis for increased proliferation observed in cyst lining cells.
Effects of MEK1/2 inhibition on cyst formation in the Pkd1
flox/2 :Ksp-Cre mouse model
Activation of the MAPK/ERK pathway is a consistent finding in orthologous models of ADPKD independent of the genotype or age of the animal. This finding suggests that the MAPK/ERK pathway may be a target for treatment of ADPKD. U0126 is an inhibitor of MEK1/2 that blocks phosphorylation of ERK1/2 and has shown effectiveness in non-PKD mouse models where activation of the MAPK/ ERK pathway plays a role in pathogenesis (28 -30) . A range :Ksp-Cre mice treated with vehicle (Cy) or 32 mg/kg U0126 (Cy-U); (C) non-cystic kidney; n ¼ 3 mice, 6 kidneys examined for each group. U0126 treatment had no effect on cystic disease progression in this model. of doses from 5 mg/kg (28) to 160 mg/kg (30) has been used in acute mouse studies although only the lowest dose has been used for sustained therapy in perinatal mice (28) . A dose of 10 mg/kg in vivo has been shown to inhibit ERK1/2 phosphorylation for at least 72 h (29) . We tested dosage regimens of 32 mg/kg and 160 mg/kg given every 72 h by intraperitoneal injection. Mice treated with 160 mg/kg U0126 on P4 and P7 did not show a difference in cystic kidney progression severity at P9, however this dose was toxic and the mice did not survive past P9 (data not shown).
The lower dose (32 mg/kg) of U0126 was well tolerated. We documented effective reduction of phosphorylated ERK1/2 in the kidney to normal levels with this dosing regimen ( Fig. 6A and B) . This change in pERK levels corresponded to a specific decrease in pERK immunoreactivity in cyst lining cells (Supplementary Material, Fig. S4 ). We next treated litter mate Pkd1 flox/2 :Ksp-Cre mice by intraperitoneal injection with either 32 mg/kg of U0126 or an equal volume of vehicle alone. U0126 was administered on P4, P7, P10 and P13 and mice were sacrificed on P14. Sagittal sections from both kidneys of each mouse underwent blinded image analysis as described in the Methods to determine the cystic index, defined as the percent of total cross-sectional area occupied by cysts (Fig. 6C and D) . Despite reduction in pERK in treated kidneys, there was no change in the severity of polycystic kidney disease in Pkd1 
DISCUSSION
In light of the early embryonic lethality of Pkd1 knockouts, we produced a conditional allele to allow both tissue specific and temporal control of inactivation of Pkd1. This mouse model allows for detailed dissection of the in vivo phenotypes associated with loss of PC1 and should provide mechanistic insights into the role of this protein in various tissues and cell types. Our original conditional allele contained the neomycin selection cassette in a small intron and resulted in an effective null allele. Removal of the neo cassette produced a functional allele with no phenotype. Cre-mediated excision of exons 2 -4 resulted in a phenotype that is indistinguishable from that observed in our null allele (11) .
The absence of cysts in kidneys of mice with either Pkd1 þ/2 :Ksp-Cre or Pkd1 flox/2 genotypes coupled with the presence of cysts in Pkd1 flox/2 :Ksp-Cre shows that cyst formation in this model requires the occurrence of second hit mutations, in this instance mediated by Ksp-Cre. Reporter gene analysis with R26R shows that all tubule cells that have undergone second hits become abnormal and form cysts, indicating that homozygous loss of PC1 is sufficient for cyst formation. This model does not, however, directly address whether cysts can be mosaic (31) . The Ksp-Cre is relatively uniformly active in distal nephron segments including medullary thick ascending loop of Henle (mTAL) and collecting ducts/tubules (17) . In the absence of significant mosaicism of Cre expression along the developing distal segments, this model cannot be used to directly determine whether cysts can arise in mosaic segments where a subset of cells do not have second hits but nonetheless undergo cystic change (31) .
Intercalated cells do not appear to participate in cyst expansion in the Pkd1 flox/2
:Ksp-Cre model. Similar findings have been reported in human recessive PKD (32) . Intercalated cells in rabbit collecting ducts have been reported to lack cilia (22), but we found clear evidence for the presence of cilia on intercalated cells up to at least P21 in the postnatal mouse kidney. While the Ksp-Cre transgene does not appear to be active in type B intercalated cells, it is active in type A cells. Neither the lack of cilia nor the lack of Cre activity in type A cells can account for the lack of contribution from these cells to cyst expansion. This result supports the conclusion that the participation in lumen formation by some cell types along the nephron is not dependent on functional PC1. The reporter gene analysis also showed that not all tubule segments form cysts at the same rate. Collecting ducts in the inner medulla show ample cilia and robust expression of lacZ in response to Cre. However, early in the postnatal course, these inner medullary segments show mild ectasia with limited cyst formation at a time when cysts in the cortex and the corticomedullary junction are expanding rapidly. Within the cortical regions, cysts derived from mTAL and DCT appeared consistently smaller than collecting duct cysts at the same time points. These findings are similar to those reported in an adult model of ADPKD due to mutation in Pkd2 (33). The collecting duct predominance in cyst formation in the latter model has helped suggest a possible therapeutic role for V2-receptor antagonists in ADPKD (34) . In aggregate, these findings are consistent with the hypothesis that differences in cyst growth potential exist amongst different nephron segments and cell types. Understanding the cellular and molecular bases for these differences will be useful in discovering strategies for altering the rate of cyst growth. Pkd1 flox/2
:Ksp-Cre mice showed explosive cyst growth, particularly during the second postnatal week. There was no significant contribution from altered patterns of apoptosis to this process, suggesting that loss of PC1 exclusively increases proliferation in kidney tubule cells. The rate of proliferation was quantitated by determining the rate of DNA synthesis using BrdU incorporation in vivo (35) . Normal kidneys showed a decreasing rate of proliferation during postnatal development. By P24, the rate of BrdU incorporation was negligible in normal kidneys, consistent with the terminally differentiated state of the kidney at this time point. Loss of PC1 resulted in an incremental elevation in the rate of tubule cell proliferation at each stage examined. These data suggest that the rate of proliferation (i.e., cyst growth) due to loss of PC1 depends on at least two factors: the underlying proliferative potential of the kidney tubule cells and the cell mass of tubule cells lacking PC1. These may at least in part explain differences in the rate of cyst growth observed in early postnatal mice compared with adult mice (13, 36) . The relatively slow progression of adult onset ADPKD may reflect a combination of a small cell mass that has undergone second hits coupled with a lesser increase in proliferation after loss of
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PC1 due to low proliferative potential of the adult kidney. A corollary to this hypothesis is that proliferative stimuli such as the repair response to renal injury may result in exacerbation of cyst growth. Maneuvers to suppress endogenous proliferative potential of normal kidney cells may therefore be beneficial in ADPKD.
Since polycystic kidney disease is a three-dimensional process, in vivo animal models based on the ortholgous disease genes afford the best opportunity to investigate the mechanism of human polycystic kidney disease. Pkd1 flox/2 :Ksp-Cre mice clearly defined a proliferative process resulting from PC1 inactivation as central to cyst growth and we sought to use this model to understand the mechanism of this proliferation. The MAPK/ERK pathway has been implicated in the proliferation associated with ADPKD in non-orthologous animal models (24, 25, 37) as well as in renal epithelial morphogenetic processes (38) that are dependent on PC1 (39) . PC2 has also been implicated in providing tonic suppression of MAPK/ERK signaling (40) . ERK activation observed in cultured ADPKD patient cyst-derived cells has been attributed to cAMP-dependent activation of B-Raf (37, 41) . Inhibition of the MAPK/ERK cascade has slowed cyst formation in a murine cystic model based on a gene for human nephronophthisis (25) .
The data presented demonstrate that MAPK/ERK pathway activation is a common feature of both the perinatal Pkd1 flox/2 :Ksp-Cre and the adult onset Pkd2 WS25/2 mouse models. In these ADPKD models, the activated cascade begins upstream with Ras and proceeds through Raf-1 to ERK1/2 and includes at least P90 RSK as an effecter. Neither of our ADPKD models showed activation of the 95 kDa B-Raf that has been associated with cAMP dependent proliferation in cultured cyst cells from patients (37, 41) . In Pkd1 flox/2 :Ksp-Cre and Pkd2 WS25/2 mouse models, as well as cultured cell models derived from these mice, ERK1/2 activation occurred specifically in the cyst lining cells that had lost expression of one of the polycystins, indicating that the activation of the MAPK/ERK cascade was dependent on the Pkd1 or Pkd2 genotypes. However, the spatial pattern of ERK1/2 activation in tissues was focal and differed from the homogeneously diffuse pattern of proliferation shown by BrdU incorporation observed in Pkd1 flox/2 :Ksp-Cre mice. The discordance of these patterns raises the possibility that factors other than MAPK/ERK pathway activation are required for cyst growth.
The apparently focal nature of the MAPK/ERK activation may represent a temporal effect whereby at any given time only a subset of cysts show pathway activation or it may be the consequence of local paracrine effects operational in the cystic kidney. We investigated the role of ERK1/2 activation in cystic disease progression more directly using the MEK1/2 inhibitor U0126. U0126 blocks phosphorylation-dependent activation of ERK1/2 (42). U0126 has recently been shown to improve a perinatal craniosynostosis phenotype associated with ERK1/2 activation in the setting of mutation in fibroblast growth factor receptor 2 (28) . We established a dosage regimen that returned active phosphorylated ERK1/2 levels to baseline in cystic kidneys and investigated whether this would have an effect on cyst progression. No effect on Pkd1-dependent ADPKD cyst progression in Pkd1 flox/2 :Ksp-Cre mice was observed.
In aggregate, the data show that there is activation of the MAPK/ERK cascade specifically in cells that give rise to cysts after losing functional PC1 or PC2 expression. This activation occurs in a focal pattern and does correlate with the diffusely increased proliferation that underlies cyst growth in the Pkd1 flox/2
:Ksp-Cre model. Inhibition of MEK1/2-dependent ERK1/2 activation does not affect the rate of cyst growth in this model, although it remains possible that intervention at other points in the MAPK/ERK pathway or at other stages of cystic disease (e.g., adult models) may provide a different result. These studies highlight the need for using appropriate in vivo models for both understanding the mechanisms of disease progression and evaluating the value of interventions in preclinical studies. Material Fig. S1 ). The final construct was linearized and eletroporated to ES cells.
MATERIALS AND METHODS
Generation of a conditional
ES cell clones were initially screened by PCR from within the neo cassette to exon 6 outside the targeting construct. Clones positive by this screen were screened by internal PCR across the loxP in intron 1 to insure that both the upstream and downstream loxP sites were present. Fourteen of 600 G418-resistant ES cells clones were positive by this screen. Two of these clones were further verified for the 5' integration using an outside hybridization probe (probe 1, Supplementary Material, Fig. S1 ) on HindIII digested genomic DNA. These two ES clones underwent blastocyst injection and were passed through the germline to produce a conditional Pkd1 allele.
Mouse strains and breeding
The FLP1 deleter mouse [B6;SJL-TgN(ACTFLPe)9205Dym from The Jackson Laboratory] was used to delete the neo cassette. Kidney selective inactivation was achieved using the Ksp-Cre transgenic line (17) . The Pkd1 2 null allele has been previously reported (11) . The Pkd1 conditional allele was maintained as Pkd1 flox/flox homozygotes after deletion of the neo cassette and the Cre lines were maintained on a heterozygous background as Pkd1 þ/2 :Ksp-Cre. Pkhd1-Cre deleter mice will be described elsewhere (Williams and P.I., in preparation).
Histology, b-gal staining and immunofluorescence
For cyst histology and immunofluorescence, mouse tissues were obtained by perfusion fixation with 70 mmHg pressure Human Molecular Genetics, 2008, Vol. 17, No. 11 1513 for 3 min. Mice were anesthetized and perfused with PBS containing 0.4% lidocaine and 0.01% heparin followed by fixation with 4% paraformaldehyde. For histology, kidneys were removed and incubated in 10% phosphate-buffered formalin, hemisected in the midline sagittal plane, embedded in paraffin and stained with hematoxylin-eosin or periodic acid-Schiff. For b-gal staining, kidneys were fixed in 2.7% formaldehyde, 0.02% NP-40, 0.2% glutaraldehyde in PBS (pH7.4) for 30 min at 48C and washed. Processing was carried out through a graded series of sucrose concentrations from 15-30% in PBS at 48C for 5 -12 h for each step. Kidneys were then embedded in OCT (Tissue-Tek) and frozen in 2-methyl-butane submerged in liquid nitrogen. Sections (5 or 8 mm thick) were prepared, mounted on slides, washed in PBS for 5 min, and subsequently stained in X-gal solution (1 mg/ml X-gal in DMSO, 2 mM MgCl 2 , 20 mM potassium ferricyanide, 0.02% NP-40 in PBS), at 378C overnight. Sections were counterstained with nuclear fast red (Trevigen Inc.).
For immunofluorescence, tissues were fixed in 4% paraformaldehyde in PBS and embedded in OCT. Kidney sections (4 -5 mm thick) were blocked with 0.1% BSA/10% goat serum in PBS for 1 h at room temperature and incubated with primary antibodies overnight at 48C followed by the secondary antibodies for 1 h at room temperature. Images were obtained either with a confocal laser scanning microscope 
Scanning electron microscopy
Scanning electron microscopy was performed as described previously (45) . Briefly, the kidneys of anesthetized mice were perfusion fixed with 3% paraformaldehyde, 3% glutaraldehyde, cut into 2 -4 mm sagittal sections and post-fixed in the same fixative for 1 h at 48C. Tissues were washed in cocodylate buffer, dehydrated, critical point dried, mounted on stubs, sputter coated with PdAu, and visualized on an International Scientific Instruments SS-40 scanning electron microscope.
Proliferation and apoptosis assay
Proliferation was assayed by using BrdU incorporation. Three hours before harvesting the kidneys, mice receive intraperitoneal injection of 100 mg/kg body weight BrdU solution (Catalog# 550891, BD Pharmingen). The kidneys were fixed with 4% paraformaldehyde and embedded in OCT. Sections (4 mm) were cut and BrdU incorporation was detected with anti-BrdU antibody (Catalog# B8434, Sigma) with DAPI nuclear counter stain.
Apoptosis was determined using terminal transferasemediated fluorescein-dUTP nick end labeling (TUNEL) with the In Situ Cell Death Detection Fluorescein Kit (Roche) as directed by the manufacturer's instructions.
Cell lines
The generation of conditionally immortalized Pkd2 þ/2 and Pkd2 2/2 kidney tubule cell lines from mutant mice has been described previously (27) . Briefly, two independent Pkd2 2/2 (5C1, 2D2) and two independent Pkd2 þ/2 (3B3, 2G10) cell lines of proximal tubular origin were derived from non-cystic tubules of a single parental Pkd2 WS25/2 mouse kidney. The Pkd2 2/2 cells resulted from the spontaneous ex-vivo conversion of the WS25 allele to a null allele and the Pkd þ/2 cells resulted from reversion of WS25 to a wild-type allele (33) . The generation of Pkd1 flox/2 and Pkd1 2/2 cell lines will be described in detail elsewhere (Z.Y. and S.S., in preparation). Briefly, Pkd1 cell lines were derived from a single Pkd1 flox/2 carrying a conditionally immortalizing, temperature and interferon-g responsive transgene (H-2Kb-tsA58; ImmortoMouse, Charles River).
Pkd1
2/2 were produced from Pkd1 flox/2 cells by transient transfection with a plasmid expressing the Cre recombinase. This insures that the respective control and experimental cell lines are genetically identical to each other except for their genotype at Pkd1 (or Pkd2, in the case of the former). Again, two independent cell lines were used for each of the four genotypes to avoid clonal artifacts: Pkd1 þ/2 (PH1, PH3), Pkd1 2/2 (PN18, PN24). Passage numbers were kept below 20 for all cell lines. Cells were grown for 5 -7 days post confluence under non-permissive conditions (378C, without interferon-g) to allow complete formation of a polarized phenotype and cilia.
Immunoblotting and densitometry
For immunoblot analyses, fresh kidney tissue or cells were homogenized and lysed in buffer containing 1% NP-40, 50 mM Tris -HCl (pH 7.4), 100 mM NaCl, 10 mM MgCl 2 and 1X protein inhibitor cocktail (Roche, #11873580001). Lysates (40 mg of protein/lane) were resolved by SDS-PAGE (10% tris-glycine) and electrophoretically transferred onto PVDF membranes. Membranes were blocked for 1 h (5% dried milk), washed three times with TBS-Tween (0.05%), incubated for 1 h with the primary antibody, washed, incubated for 1 h with horseradish peroxidasecoupled secondary antibody, washed extensively and processed for chemiluminescence by ECL (Amersham, Arlington Heights, IL, USA). The volume of individual immunoblot bands, in pixels, was determined by optical densitometry using ImageQuant software (Molecular Dynamics).
Treatment of mice with MEK1/2 inhibitor
The MEK1/2 inhibitor U0126 (Calbiochem) was administered by intraperitoneal injection every 72 h beginning at P4 and ending either at P9 (160 mg/kg) or P14 (32 mg/kg). The earlier termination for the high dose treatment was required due to toxicity. The vehicle for U0126 administration was DMSO/sunflower seed oil (1:4). To demonstrate effective MEK1/2 inhibition, mice were treated with both the high and low dose U0126 for two doses at P4 and P7 and kidney tissue was harvested 24 h after the last dose (P8) and processed for immunoblot quantitation.
Cystic index
The extent of tubular cyst formation was quantified in sagittal sections of whole kidneys. Four sections (two each from the mid-sagittal region of each kidney) were analyzed for each experimental animal. Whole kidney images were obtained using automated image acquisition by the scan slide module in MetaMorph (Universal Imaging). Total kidney area, total cystic area and total non-cystic area were measured using the integrated morphometry feature in MetaMorph. Cystic index ¼ (total cystic area 4 total kidney area) Â 100 and is expressed as a percent.
Statistics
Data were analyzed by Kruskal -Wallis non-parametrc one-way analysis of variance followed by Dunn's multiple comparison test. A value of P , 0.05 was considered significant. All data are presented as mean (+SE).
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